Abstract: When the offshore wind energy industry attempts to develop in cold regions, ice load becomes the main technological challenge for offshore wind turbine foundation design. Dynamic ice loads acting on wind turbine foundations should be calculated in a reasonable way. The scope of this study is to present a numerical model that considers the non-simultaneous ice crushing failure acting on the vertical structure of a wind turbine's foundation. The local ice crushing force at the contact surface between the ice sheet and structure is calculated. The boundary of the ice sheet is updated at each time step based on the indentation length of the ice sheet according to its structure. Ice loads are validated against two model tests with three different structure models developed by other researchers. The time series of the ice forces derived from the simulation and model tests are compared. The proposed numerical model can capture the main trends of ice-wind turbine foundation interaction. The simulation results agree well with measured data from the model tests in terms of maximum ice force, which is a key factor for wind turbine design. The proposed model will be helpful for assisting the initial design of wind turbine foundations in cold regions.
Introduction
Wind energy is becoming increasingly attractive for offshore industries, since it represents a clean energy source and has few environmental effects. Severe environmental conditions are the main challenge to the wide industrial application of offshore wind turbine technology, which includes the dominant effects from waves, currents, wind, and ice. The numerical modeling of wind force has been performed extensively [1] [2] [3] . studied the dynamics of a monopile-type offshore wind turbine under combined wind and wave action [4] . The interaction between the monopile's foundation and the underlying soil was highlighted. Based on the offshore wind turbine's structure, a new way to extract geothermal power using a heat exchanger was developed [5, 6] . The installation and operation of the wind turbine with a control system was also studied by some researchers [7, 8] .
Drifting sea ice poses a great challenge for developing offshore wind energy in cold regions (such as the Baltic Sea and Bohai Bay). Ice loads and aerodynamic load should be understood as some of the most important environmental impacts. However, dynamic effects resulting from ice loads on the structural design of turbines is not well known due to the lack of standards and guidelines. Therefore, challenges related to the effects of drifting sea ice on offshore wind turbines should be investigated in detail. Figure 1 presents a schematic picture of a wind turbine operating under wind and ice conditions. During the interaction between ice and structures with large slopes, crushing failure usually occurs. Global pressures due to ice were found to be much smaller than local ones when the relative crushing velocity increased from moderate to high in full scale tests [9, 10] . Sanderson (1988) indicated that global ice pressures decreased with an increasing area, based on both laboratory tests and full-scale tests [11] . The reason for this result is that the ice failure does not occur simultaneously in discrete local zones because of imperfect contact between ice sheets and structures and the non-homogenous properties of ice. Although crushing failure may occur over the width of structure, it is possible to focus on a limited local area across the width because of this imperfect interaction.
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Figure 1 presents a schematic picture of a wind turbine operating under wind and ice conditions. During the interaction between ice and structures with large slopes, crushing failure usually occurs. Global pressures due to ice were found to be much smaller than local ones when the relative crushing velocity increased from moderate to high in full scale tests [9, 10] . Sanderson (1988) indicated that global ice pressures decreased with an increasing area, based on both laboratory tests and full-scale tests [11] . The reason for this result is that the ice failure does not occur simultaneously in discrete local zones because of imperfect contact between ice sheets and structures and the non-homogenous properties of ice. Although crushing failure may occur over the width of structure, it is possible to focus on a limited local area across the width because of this imperfect interaction. For interactions between sloped-structures and ice sheets, many researchers have performed experimental studies, full scale measurements, and numerical simulations during the past ten years for offshore platforms and ships [12] [13] [14] [15] [16] . proposed a method to generate an ice mesh where the length of the ice gird is equal to the ice breaking length [17, 18] . A simulation of dynamic ice forces exposed to an icebreaking tanker was performed, and the corresponding forces were compared to the model test results. Later, the ice load from ice ridge was also modelled, considering a head on collision between the ship and ice [19] .
Several investigations have been carried out to estimate the ice load on cylindrical or large steep structures in model tests, full scale measurements, and numerical simulations. Murray et al. (2009) performed experiments with scales of 1:30 and 1:50 to measure the forces on a spar that was designed to resist ice action [20] . Jefferies et al. (2011) carried out a series of model tests to measure ice loads and the response of the Molipaq platform with nearly vertical sides [21] . Lager scale ice crushing For interactions between sloped-structures and ice sheets, many researchers have performed experimental studies, full scale measurements, and numerical simulations during the past ten years for offshore platforms and ships [12] [13] [14] [15] [16] . proposed a method to generate an ice mesh where the length of the ice gird is equal to the ice breaking length [17, 18] . A simulation of dynamic ice forces exposed to an icebreaking tanker was performed, and the corresponding forces were compared to the model test results. Later, the ice load from ice ridge was also modelled, considering a head on collision between the ship and ice [19] .
Several investigations have been carried out to estimate the ice load on cylindrical or large steep structures in model tests, full scale measurements, and numerical simulations. Murray et al. (2009) performed experiments with scales of 1:30 and 1:50 to measure the forces on a spar that was designed to resist ice action [20] . Jefferies et al. (2011) carried out a series of model tests to measure ice loads and the response of the Molipaq platform with nearly vertical sides [21] . Lager scale ice crushing experiments were performed at the Aker Arctic ice tank basin [22] . A full-scale test was also achieved for a slender cylinder in Bohai Bay, aiming at investigating varying ice loads and the corresponding vibrations of structures with three velocity-dependent failure modes from observation [12] . However, there are some shortcomings with these measurements. The model tests and full measurements need more resources and are expensive to perform. The properties of the ice sheets in an ice tank or on field sea ice may differ from the target values significantly.
For numerical simulations, ice loads and structural vibrations are a big concern. Gravesen and Kärnä (2009) calculated the ice crushing load exposed to the vertical foundation of an offshore wind turbine on the basis of the International Organization for Standardization (ISO) code [23] . The dynamic vibration of the blades of wind turbines were investigated together with a simulation of ice loads, considering the whole structure [24] . To reduce ice-induced vibrations, Mróz et al. (2008) used a semi-active model [25] , while Karna and Kolari (2004) proposed a mass damper model [26] . Yu et al. (2014) used a rigid and plastic structure with an elastic base to simulate a floating ice cover [27] . The quasi-static forces were derived approximately, considering the interaction between structural motions and ice loads. The effect of response of a wind turbine on the ice loads was not included in the model. Shi et al. (2016) developed a simulation program for ice force coupled with the software HAWC2 to study the dynamic effect of ice sheets on the foundation of offshore wind turbines [28] . However, the present method can only be applied to calculate the ice bending load. When the structure is inclined steeply, a non-simultaneous ice crushing load may occur.
To extend the proposed method by Shi et al. (2016) , the scope of this study aims to improve the dynamic ice-structure interaction model and develop an ice load analysis program to be used for cylindrical and nearly vertical structures. The updated program is used to simulate the non-simultaneous crushing force acting on the cylindrical structures of wind turbines. Particular efforts have been made to validate the numerical simulations with model test results derived by some researchers [29, 30] .
Mathematical Model
When level ice interacts with structures, it may fail in different modes. Shkhinek and Uvarova (2001) studied the dynamic interaction between ice sheets and sloped structures [31] . An analytical method was used to compare their results with physical model tests. It was concluded that ice would most likely fail from bending to compression modes when the slope angle and ice velocity increases. This will result an increased ice load. Zhou et al. (2017) proposed a numerical method to study crushing force for ice bending research [32] . Their method was used to simulate ice loads acting on the hull side of an icebreaking tanker as the hull model was pulled transversely. The maximum slope angle was around 82 degrees. However, for vertical structures, this method is not appropriate. Therefore, a further modification is needed.
Framework of Numerical Model
The numerical process is carried out in a time domain, step by step. The overall framework of the numerical model is presented in Figure 2 . At first, both the ice and the structure are discretized at the waterline to generate ice and structure nodes in the horizontal plane. The overlapped areas between the ice and structure are identified based on a geometric algorithm. For each contact area, the local ice force is calculated and integrated to derive the global ice force. The global ice force acts as an external load for an equation of motion for flexible structure. The motion of structures, including displacement, velocity, and acceleration, is obtained and used to update the structure nodes. In the present study, the structure considered in the simulation is fixed, and thus the dynamics of the structure are neglected. The ice failure criteria are then applied to judge if the local ice-structure interaction will exceed limitations and become fragmented. Under the condition of ice failure, newly generated ice 
Discretization
The 2D geometric models of ice sheets and structures are made in the horizontal plane. The structure at the waterline is discretized with polygonal nodes while the ice edge is composed of scattered nodes on a polyline. A geometric tool is used to detect the overlapped area between the structure polygon and ice polyline. Then, the horizontal contact area can be calculated, as shown in Figure 3 . 
Local Ice Force and Contact Area
There are three typical cases for a structure's interaction with level ice. The first case is the initial ice contact with a highly-inclined structure (Case I). Here, only part of front edge of the ice sheet crushes against the structure. The contact area looks like a triangle, which tends to increase as the intrusion process advances. When the structure penetrates through the ice thickness, it comes to the second case. Here, the contact area is approximately trapezoidal (Case II). Figure 4 shows that normal force Fn occurs at the contact surface, and frictional force Ft is parallel with the contact surface. The last case is presented by the vertical structure interaction with the ice (Case III). Under this condition, the structure is only exposed to normal ice force, and no frictional force exists. 
Discretization
Local Ice Force and Contact Area
There are three typical cases for a structure's interaction with level ice. The first case is the initial ice contact with a highly-inclined structure (Case I). Here, only part of front edge of the ice sheet crushes against the structure. The contact area looks like a triangle, which tends to increase as the intrusion process advances. When the structure penetrates through the ice thickness, it comes to the second case. Here, the contact area is approximately trapezoidal (Case II). Figure 4 shows that normal force F n occurs at the contact surface, and frictional force F t is parallel with the contact surface. The last case is presented by the vertical structure interaction with the ice (Case III). Under this condition, the structure is only exposed to normal ice force, and no frictional force exists. crushes against the structure. The contact area looks like a triangle, which tends to increase as the intrusion process advances. When the structure penetrates through the ice thickness, it comes to the second case. Here, the contact area is approximately trapezoidal (Case II). Figure 4 shows that normal force Fn occurs at the contact surface, and frictional force Ft is parallel with the contact surface. The last case is presented by the vertical structure interaction with the ice (Case III). Under this condition, the structure is only exposed to normal ice force, and no frictional force exists. If the limiting mechanism is neglected, the local ice continuously fails, under most conditions, in the brittle crushing mode against large sloped structures. According to ISO 19906 [33] , the ice's crushing force can be identified according to:
(1)
where p G denotes the overall mean pressure; w denotes the structural width at the contact surface in meters; h i means the ice thickness in meters; h 1 is equal to 1 m; m is set to be −0.16; n is set to be −0.50 + h i /5 when h i < 1.0 m, and −0.30 when h i >= 1.0 m; C R0 denotes the strength factor for the referenced sea, which can be taken as 2.8 MPa in Arctic seas and 1.8 MPa in Baltic areas. σ 0 means the strength index for the reference area.
The normal force and frictional force are written as:
where µ is the friction coefficient between the ice and the structure. The horizontal ice force F x and vertical ice force F z , which is a function of the normal force, frictional force, and slope angle, are given as:
The ice contact areas for the different cases are calculated according to Equation (7). Figure 5 gives a detailed sketch of the ice-structure contact cases, where the indentation length L d is defined:
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The horizontal ice force Fx and vertical ice force Fz, which is a function of the normal force, frictional force, and slope angle, are given as:
sin cos 
Ice Boundary Update
The projected crushing width w ( Figure 6 ) should be calculated for each time step. When the width increases over the upper boundary w c , then the ice sheet becomes fragmented in local crushing. The ice boundary needs to be updated for the next time step. The ice contact areas for the different cases are calculated according to Equation (7). Figure 5 gives a detailed sketch of the ice-structure contact cases, where the indentation length Ld is defined:
tan
The projected crushing width w ( Figure 6 ) should be calculated for each time step. When the width increases over the upper boundary wc, then the ice sheet becomes fragmented in local crushing. The ice boundary needs to be updated for the next time step. The idealized radius of the ice wedge to be broken from the intact ice is given as [34] :
where rel n v denotes relative normal speed between the contact surface and structural nodes; Cl and Cv are empirical coefficients, which could be derived from full-scale or model-scale tests; l denotes the ice's characteristic length, which is expressed as [35] :
where E is the elastic modulus; ν is the Poisson's ratio; w ρ is water density; g is gravity acceleration. The idealized radius of the ice wedge to be broken from the intact ice is given as [34] : where v rel n denotes relative normal speed between the contact surface and structural nodes; C l and C v are empirical coefficients, which could be derived from full-scale or model-scale tests; l denotes the ice's characteristic length, which is expressed as [35] :
where E is the elastic modulus; ν is the Poisson's ratio; ρ w is water density; g is gravity acceleration.
The non-dimensional coefficient C l in Equation (8) has been studied by researchers. Based on a theoretical analysis, the non-dimensional coefficient was predicted to range from 0.6 to 0.8 [36] [37] [38] . Lau et al. (1999) observed the breaking length for sloping structures in the ice tank [39] . He found that the value varied from 0.1 to 0.7, depending on the ice thickness. The limitation of the breaking length was 0.1. The breaking length against the vertical structures is normally smaller than that for a sloped structure. Therefore, the coefficient C l is taken as 0.1 in the subsequent simulation. The speed-dependent coefficient C l is set to zero since the speed is relatively low for all simulated cases in this paper.
Validation with Model Tests

Validation with Model Test I
Barker et al. (2005) carried out a test campaign to measure the ice loads on offshore wind turbines in the Danish sea at the Canadian Hydraulics Centre of NRC (National Research Council) [29] . The size of the tank is 21 m in length, 7 m in width, and 1.2 m in depth. Ice sheets are grown, tempered, or melted by adjusting the room's air temperature. A main carriage could travel along the tank at a velocity of 3-650 mm/s. A small carriage pushes ice sheets towards the structures to be tested. A compliance simulator system was inflexibly fixed to a main carriage. A turntable spacer and interface plate were hung freely under a floating table. They were utilized to support the tested structure and also supply extra weight. All these components were applied to reproduce the main characteristics of wind turbine. The configuration setup is shown in Figure 7 . The sampling frequency is 100 Hz in the model tests.
Model tests with seven configurations were carried out. Only one configuration was selected for the present study. The cylinder model was rigidly fixed onto the main carriage. A geometric scale factor of 1:26 was set for model tests with the Froude and Cauchy scaling method. The diameter of the cylinder is 0.192 m in a model scale. One ice sheet was made for the tests. Table 1 gives the ice properties and the test matrix. The dynamic friction coefficient between the ice and structure models was measured with a mean value of 0.07, which is used in the present simulation. The Poisson's ratio in Equation (9) is taken as 0.3 [35] . The elastic modulus is indirectly calculated from flexural strength in the simulation [40] .
During the model tests, it was observed that continuous crushing with short durations occurred throughout the test series. The ice crushed against the cylinder at the contact surface and ice sheet was pulverized into very fine pieces. However, local flexural or buckling failures could be observed, and pure crushing events seldom occurred. Therefore, the ice-structure interaction process could be taken as non-simultaneous crushing. In the simulation, the structure is fixed and the level ice moves against the structure with a specific speed. The center of gravity for the structure is located at the origin, as shown in Figure 8 . The initial ice boundary is a straight line that is very close to the structure. The right figure presents the ice boundary at the end of the simulation for test 105. It can be seen that the ice does not fail to crush perfectly. The ice force in a longitudinal direction is dominant to forces in other directions. Therefore, the longitudinal force is analyzed in this paper. The time series of the crushing force from the simulation of test 105 is given in Figure 9a . It is found that ice force changes rapidly and fluctuates around the mean value. By setting up different ice drifting speeds, the other tests (106-108) are performed. The corresponding time series of the ice forces are presented in Figure 9 . The maximum ice forces derived from numerical simulation are tabulated in Table 2 , where the measured data are also included as a comparison. The results show that the difference between the simulated and measured data ranges from 3.6% to 7.4%. The simulation results fit well with model's test data. Both maximum data, average, and standard deviation of simulated force are also presented in Figure 10 versus the ice drifting speed. The average and standard deviation of the force tend to increase when the ice drifting speed rises, but not linearly. The ice force in a longitudinal direction is dominant to forces in other directions. Therefore, the longitudinal force is analyzed in this paper. The time series of the crushing force from the simulation of test 105 is given in Figure 9a . It is found that ice force changes rapidly and fluctuates around the mean value. By setting up different ice drifting speeds, the other tests (106-108) are performed. The corresponding time series of the ice forces are presented in Figure 9 . The maximum ice forces derived from numerical simulation are tabulated in Table 2 , where the measured data are also included as a comparison. The results show that the difference between the simulated and measured data ranges from 3.6% to 7.4%. The simulation results fit well with model's test data. Both maximum data, average, and standard deviation of simulated force are also presented in Figure 10 versus the ice drifting speed. The average and standard deviation of the force tend to increase when the ice drifting speed rises, but not linearly. Figure 10 . Numerical and measured ice force as a factor of ice speed.
As presented in Figure 9 , the time history of the simulated force for tests 105-108 show a strong non-linearity. This force is subjected to a rapid change and vibrates with many peaks corresponding to individual continuous icebreaking events as the ship advances. These peaks can be calculated and extracted from the time series of the ice force. The peaks for test 105 are presented in Figure 11 . Then, the peaks derived in the time history of test 105 were collected. These peaks were then fitted based on the Weibull probabilistic model. The mathematical cumulative distribution function is shown as
where k denotes the shape factor and λ denotes the scale factor.
The fitting results for the simulated peaks are shown in Figure 12 . It is clear that the Weibull distribution is reasonable for both numerical simulation and model test data. Based on the simulation, the shape factor calculated is 6.97, and the scale factor is 1282 for test 105. The two factors for the As presented in Figure 9 , the time history of the simulated force for tests 105-108 show a strong non-linearity. This force is subjected to a rapid change and vibrates with many peaks corresponding to individual continuous icebreaking events as the ship advances. These peaks can be calculated and extracted from the time series of the ice force. The peaks for test 105 are presented in Figure 11 . As presented in Figure 9 , the time history of the simulated force for tests 105-108 show a strong non-linearity. This force is subjected to a rapid change and vibrates with many peaks corresponding to individual continuous icebreaking events as the ship advances. These peaks can be calculated and extracted from the time series of the ice force. The peaks for test 105 are presented in Figure 11 . Then, the peaks derived in the time history of test 105 were collected. These peaks were then fitted based on the Weibull probabilistic model. The mathematical cumulative distribution function is shown as
where k denotes the shape factor and λ denotes the scale factor. The fitting results for the simulated peaks are shown in Figure 12 . It is clear that the Weibull distribution is reasonable for both numerical simulation and model test data. Based on the simulation, the shape factor calculated is 6.97, and the scale factor is 1282 for test 105. The two factors for the other tests are also calculated. The results are shown in Table 3 . Then, the peaks derived in the time history of test 105 were collected. These peaks were then fitted based on the Weibull probabilistic model. The mathematical cumulative distribution function is shown as
where k denotes the shape factor and λ denotes the scale factor. The fitting results for the simulated peaks are shown in Figure 12 . It is clear that the Weibull distribution is reasonable for both numerical simulation and model test data. Based on the simulation, the shape factor calculated is 6.97, and the scale factor is 1282 for test 105. The two factors for the other tests are also calculated. The results are shown in Table 3 . [30] . The scale was set as 1:20. The ice tank was 40.0 m long, 6.0 m wide, and 1.8 m in depth. It was able to make an ice sheet with a thickness ranging from 1.0 to 30 cm. The foundations of the wind turbine towers were cone structures. The dimensions of the two icebreaking cones are shown in Table 4 . The sketch of two structure models is shown in Figure  13 . The model test to measure ice load on 3 MW structure is shown in Figure 14 . A force transducer was installed to measure ice force. The signals were recorded at a sampling frequency of 100 Hz in the model test. [30] . The scale was set as 1:20. The ice tank was 40.0 m long, 6.0 m wide, and 1.8 m in depth. It was able to make an ice sheet with a thickness ranging from 1.0 to 30 cm. The foundations of the wind turbine towers were cone structures. The dimensions of the two icebreaking cones are shown in Table 4 . The sketch of two structure models is shown in Figure 13 . The model test to measure ice load on 3 MW structure is shown in Figure 14 . A force transducer was installed to measure ice force. The signals were recorded at a sampling frequency of 100 Hz in the model test. Table 4 . The main parameters of wind turbines in full scale. The input of the numerical simulation is set as the same as that of the model tests. The target ice thickness is 0.4 m. The bending and crushing strength are expected to be 600 kPa and 2060 kPa, respectively. The ice drift velocity varies from 0.05 to 1.2 m/s in full scale. The specific test matrix with measured ice properties is presented in Table 5 . There is no information for the frictional coefficient of the ice-structure model [30] . The friction is set as 0.1 in the following simulation. Different failure modes were identified from the ice experiments. At a low speed, the level ice would crush against the cone and then fail in both the local and global buckling modes. The local buckling was more dominant than global bulking. An abnormally low ice load often occurred after the global buckling failure because large pieces of ice were fragmented from an intact ice sheet and there was almost no contact between the intact ice and the cone. This phenomenon is different for tests with a high speed. The global buckling event became less important as the speed increased. Ice would be pulverized into small rubble and fail in the buckling at some local zones. Figure 15 gives a snapshot from the model test 306, which shows a non-simultaneous ice crushing scenario. The input of the numerical simulation is set as the same as that of the model tests. The target ice thickness is 0.4 m. The bending and crushing strength are expected to be 600 kPa and 2060 kPa, respectively. The ice drift velocity varies from 0.05 to 1.2 m/s in full scale. The specific test matrix with measured ice properties is presented in Table 5 . There is no information for the frictional coefficient of the ice-structure model [30] . The friction is set as 0.1 in the following simulation. Different failure modes were identified from the ice experiments. At a low speed, the level ice would crush against the cone and then fail in both the local and global buckling modes. The local buckling was more dominant than global bulking. An abnormally low ice load often occurred after the global buckling failure because large pieces of ice were fragmented from an intact ice sheet and there was almost no contact between the intact ice and the cone. This phenomenon is different for tests with a high speed. The global buckling event became less important as the speed increased. Ice would be pulverized into small rubble and fail in the buckling at some local zones. Figure 15 gives a snapshot from the model test 306, which shows a non-simultaneous ice crushing scenario. All tests shown in Table 5 are simulated with ice speeds ranging from 0.05 to 1.2 m/s. Herein, the time evolution of the measured ice loads from four tests was selected and used for comparison due to non-simultaneous crushing failures at the contact area. Figure 16 gives the simulated results of test 304 compared to those measured in the time domain where the drift speed is 0.6 m/s at full scale for the 3MW wind turbine's tower. The simulation lasts 40 seconds, which is the same as the model test. The ice conditions are set as presented in Table 5 . In general, both the measured and simulated ice force show strong nonlinearity and vibration. Clearly, the two main phases, including loading and unloading, can be found from a time series of ice forces. The minimum ice force can drop to approximately zero, and the forces are cyclic with different peaks. By increasing the ice drift speed to 1.2 m/s, the time history of the simulated ice load from test 306 are shown compared to that measured in Figure 17 . Similar ice force characteristics can be derived according to test 304.
Item 3 MW Wind Turbine 4 MW Wind Turbine
Using the structural model of a 4 MW wind turbine foundation, we continued to study ice forces for tests 404 and 406, where both the measured and simulated results are presented. The time history of ice loads for both tests are shown in Figures 18 and 19 , respectively. The difference between tests 304 and 404 or tests 306 and 406 lies in the structure. When comparing the maximum ice forces for test 304 and test 404 or test 306 and 406, the 4 MW wind turbine foundation is subjected to larger ice loads than the 3 MW wind turbine. This is because the diameter of the 4 MW wind turbine monopile at the mean waterline and slope is relatively large. The discrepancy between the measured and simulated ice forces for the four tests are tabulated in Table 6 . The statistics regarding the mean, standard deviation, and maximum values are presented for comparison. To sum up, the simulated mean force is underestimated, and the maximum difference is 20.5%. The standard deviation shows a difference of 1.7%-28.2%. The error for the maximum value ranges from 1.6% to 9.4%.
Small ice pieces
Pulverized ice pile Figure 15 . Experimental scenarios of non-simultaneous ice crushing at a mean waterline for test 306.
All tests shown in Table 5 are simulated with ice speeds ranging from 0.05 to 1.2 m/s. Herein, the time evolution of the measured ice loads from four tests was selected and used for comparison due to non-simultaneous crushing failures at the contact area. Figure 16 gives the simulated results of test 304 compared to those measured in the time domain where the drift speed is 0.6 m/s at full scale for the 3MW wind turbine's tower. The simulation lasts 40 seconds, which is the same as the model test. The ice conditions are set as presented in Table 5 . In general, both the measured and simulated ice force show strong nonlinearity and vibration. Clearly, the two main phases, including loading and unloading, can be found from a time series of ice forces. The minimum ice force can drop to approximately zero, and the forces are cyclic with different peaks. By increasing the ice drift speed to 1.2 m/s, the time history of the simulated ice load from test 306 are shown compared to that measured in Figure 17 . Similar ice force characteristics can be derived according to test 304.
Using the structural model of a 4 MW wind turbine foundation, we continued to study ice forces for tests 404 and 406, where both the measured and simulated results are presented. The time history of ice loads for both tests are shown in Figures 18 and 19 , respectively. The difference between tests 304 and 404 or tests 306 and 406 lies in the structure. When comparing the maximum ice forces for test 304 and test 404 or test 306 and 406, the 4 MW wind turbine foundation is subjected to larger ice loads than the 3 MW wind turbine. This is because the diameter of the 4 MW wind turbine monopile at the mean waterline and slope is relatively large. The discrepancy between the measured and simulated ice forces for the four tests are tabulated in Table 6 . The statistics regarding the mean, standard deviation, and maximum values are presented for comparison. To sum up, the simulated mean force is underestimated, and the maximum difference is 20.5%. The standard deviation shows a difference of 1.7%-28.2%. The error for the maximum value ranges from 1.6% to 9.4%. The other tests in Table 5 are also simulated, and the corresponding maximum forces are presented in Table 7 . Due to the lack of a time series for the model test data, only the maximum ice forces from the model test data are given for comparison. These forces range from 2.97 to 3.89 MN for a 3 MW structure model and 2.90 to 4.05 MN for a 4 MW structure model. Generally speaking, the calculated results fit relatively well with the measured results. This result shows that errors are relatively small, and the maximum error is less than 9%. The largest difference is 8.68% and the smallest is 0.49%. The maximum ice force derived from both the numerical simulation and the model tests are compared in Figure 20 . The black solid line denotes the model test results while the dotted line denotes the numerical results. It is noted that the trends of the two lines agree well with each other. However, the peak of the maximum ice load from the simulation is smaller than that from the model test. The other tests in Table 5 are also simulated, and the corresponding maximum forces are presented in Table 7 . Due to the lack of a time series for the model test data, only the maximum ice forces from the model test data are given for comparison. These forces range from 2.97 to 3.89 MN for a 3 MW structure model and 2.90 to 4.05 MN for a 4 MW structure model. Generally speaking, the calculated results fit relatively well with the measured results. This result shows that errors are relatively small, and the maximum error is less than 9%. The largest difference is 8.68% and the smallest is 0.49%. The maximum ice force derived from both the numerical simulation and the model tests are compared in Figure 20 . The black solid line denotes the model test results while the dotted line denotes the numerical results. It is noted that the trends of the two lines agree well with each other. However, the peak of the maximum ice load from the simulation is smaller than that from the model test.
Moreover, the peaks of the time series of measured, and simulated ice forces are collected for tests 304, 306, 404, and 406. Weibull distributions are applied to fit these peaks approximately. The shape and scale factors for tests 304, 306, 404, and 406 are estimated from Weibull fitting. The standard error between the original peak values and the fitted data are also included in Table 8 . It can be seen that the errors for the shape factor are more than 10% and less than 15.7%. The scale factor error ranges from 1.8% to 4.4%. Moreover, the peaks of the time series of measured, and simulated ice forces are collected for tests 304, 306, 404, and 406. Weibull distributions are applied to fit these peaks approximately. The shape and scale factors for tests 304, 306, 404, and 406 are estimated from Weibull fitting. The standard error between the original peak values and the fitted data are also included in Table 8 . It can be seen that the errors for the shape factor are more than 10% and less than 15.7%. The scale factor error ranges from 1.8% to 4.4%. Both the measured and simulated results are plotted in Figure 21 . The red solid line denotes the measured results while the blue dotted line denotes the numerical results. For tests 304 and 306 (Figure 21a,b) , the simulation results are lower than the measurements, and the two lines tend to converge. For test 404 in Figure 21c , the simulation results are larger than the measurement. They intersect at a relatively low force level and tend to deviate from each other. The scale factor is around 7% higher for the measured results than the simulated ones. For test 406 in Figure 21d , the simulation data are slightly higher than the measured data. It should be noted that both the simulation and measured data fit well with the Weibull distribution for all four tests. Both the measured and simulated results are plotted in Figure 21 . The red solid line denotes the measured results while the blue dotted line denotes the numerical results. For tests 304 and 306 (Figure 21a,b) , the simulation results are lower than the measurements, and the two lines tend to converge. For test 404 in Figure 21c , the simulation results are larger than the measurement. They intersect at a relatively low force level and tend to deviate from each other. The scale factor is around 7% higher for the measured results than the simulated ones. For test 406 in Figure 21d , the simulation data are slightly higher than the measured data. It should be noted that both the simulation and measured data fit well with the Weibull distribution for all four tests.
The power spectra of the simulated and measured ice loads (Figures 14-17 ) are shown in Figure 22 . The simulated force spectrum is broad-banded comparison to the measured force spectrum. The power spectral density of the simulated force at a low frequency is much lower than that of the measured force. When looking at the spectrum for test 304 in Figure 22a , it is clear that the energy is concentrated in a frequency range of less than 7 rad/s, and the dominant area is around 5.0 rad/s. Moreover, there exists a small amount of energy at around 20 rad/s. As the ice speed increases to 1.2 m/s, the main frequency increases slightly to 5.8 rad/s in Figure 22b . In addition, the vibration is clearly triggered at a higher frequency of 21 rad/s. This phenomenon could be also found by studying the measured data for tests 404 and 406 in Figure 22c ,d. The main energy tends to shift from a low frequency range to a high range. The power spectra of the simulated and measured ice loads (Figures 14-17 ) are shown in Figure  22 . The simulated force spectrum is broad-banded comparison to the measured force spectrum. The power spectral density of the simulated force at a low frequency is much lower than that of the measured force. When looking at the spectrum for test 304 in Figure 22a , it is clear that the energy is concentrated in a frequency range of less than 7 rad/s, and the dominant area is around 5.0 rad/s. Moreover, there exists a small amount of energy at around 20 rad/s. As the ice speed increases to 1.2 m/s, the main frequency increases slightly to 5.8 rad/s in Figure 22b . In addition, the vibration is clearly triggered at a higher frequency of 21 rad/s. This phenomenon could be also found by studying the measured data for tests 404 and 406 in Figure 22c ,d. The main energy tends to shift from a low frequency range to a high range.
Discussion
To summarize, the current model gives a reasonable prediction of maximum loads. The general trend of ice force simulation is consistent with measurement. However, there exists some shortcomings that needs attention. The first shortcoming is that the time interval between neighboring peaks is smaller in the simulation than in the experiment. This result means that the dynamics of ice loads are overestimated in the present numerical program, and the width of the simulated force spectrum is relatively broad. Moreover, there exists a discrepancy for the peak load distribution and power spectra of the ice load from the numerical simulation.
This result is primarily attributed to three reasons. First, the connection between the structure model and the carriage is ideally not rigid. The vibration of the structure model, as well as the carriage, may introduce measurement errors. If the rigidity of the wind turbine model is not high enough, high frequency components of ice force will be filtered out from the signals.
Second, the icebreaking pattern used in the present simulation is assumed to be an idealized arc as a part of circle. It is taken as normal that the broken ice wedge locally contacts the surface between the ice and the structure when fragmented from an intact ice sheet. However, the shape of the broken ice wedge needs to be slightly adjusted, according to Li et al. (2019) , who pointed out that the observed geometry of the ice cusps during ship trials was oval instead of circular [41] . The ice breaking length looks large at the edges relative to the center. An analytical model, by solving a differential equation, was proposed to generate refined shapes for ice wedges. A more realistic ice wedge shape will generate a more precise contact area between the ice and structure and the ice breaking length, thus providing a better prediction.
Third, it is assumed in the present numerical model that ice crushing failure occurs simultaneously over ice thickness. This is idealized since ice properties vary from the top of the ice sheet to the bottom of the ice sheet. Ice is relatively strong on the top layer due to its exposure to cold air. When crushing with large sloped structure, it is this top layer with high strength that mainly 
Third, it is assumed in the present numerical model that ice crushing failure occurs simultaneously over ice thickness. This is idealized since ice properties vary from the top of the ice sheet to the bottom of the ice sheet. Ice is relatively strong on the top layer due to its exposure to cold air. When crushing with large sloped structure, it is this top layer with high strength that mainly resists the motion of the structure. Thus, it results in a slowly varying ice force until large scale ice failure occurs. The bottom of the ice sheet tends to fail easily and thus provides a vibrated ice force with a small magnitude attributed to its weak strength.
To extend the present numerical model, there are two ways to consider the nonlinear dynamics of ice force. First, the local ice crushing is presently understood as a constant ice crushing strength by contact area. The effective ice pressure also depends on the size of the ice-structure's contact area [11] . A varying ice pressure as a function of the contact area should be considered to calculate local ice action, which could refine the nonlinear dynamics of ice force simulation. Second, ice properties across the ice thickness are important inputs in the present simulation. A constant value is used at present. Nonlinear ice properties over the ice thickness are expected to be introduced by using a 3D ice model.
Conclusions
In this paper, a numerical method is applied to calculate the ice force acting on the large sloped cone of a wind turbine. The non-simultaneous crushing failure against the vertical foundations and nearly vertical foundations of the wind turbine towers are considered. When the ice fails locally, the boundary of the intact ice sheet must be updated. By comparing th simulated and measured data, some conclusions can be drawn, as follows:
(1) The present method can generally capture the main characteristics of the ice sheet-wind turbine foundation interaction process. The dynamics of ice loads are over predicted. (2) The proposed numerical tool shows a satisfactory prediction of maximum ice force for the vertical or large inclined structure of wind turbine towers. According to the comparison work, the difference between the model test and the numerical simulation is within 10%, which could be acceptable from an engineering standpoint. (3) However, there still exists a relatively large discrepancy for the mean and standard deviation.
The main reasons for this discrepancy have been addressed. (4) The influence of ice drifting speed on maximum force cannot be neglected. The maximum force tends to ascend as the speed increases from very low to medium and then drops as the speed continues to increase. As the speed increases, the main energy tends to shift to a high frequency domain. (5) The effect of the diameter and slope angle of a structure ion's maximum ice force is significant.
The larger the diameter and slope angle is, the larger the maximum ice force becomes.
Further modifications with respect to the numerical model should be made. More validations against model tests are needed to increase the fidelity and reliability of the present model. An uncertainty analysis of the input parameters for the simulation should also be investigated.
